Background: Near-infrared (NIR) imaging of liver segments provides substantial information for surgeons performing liver resection. It was hypothesized that ramucirumab, an endothelium-specific antibody approved by the Food and Drug Administration, could be used for liver segment imaging using the endothelium capture principle.
Surgical relevance
Imaging of liver segments provides substantial information for surgeons when performing liver resection.
The antivascular endothelial growth factor receptor (VEGFR) 2 antibody ramucirumab conjugated with near-infrared dye could visualize selected liver segments using an endothelial capture-based approach in an isolated perfusion liver model.
The ex vivo imaging of a selected segment using endothelial capture of ramucirumab demonstrates the potential of this anti-VEGFR2 antibody for intraoperative navigation in liver surgery.
Introduction
Resection of cancer-bearing areas of the liver is the curative option for the treatment of liver cancer 1 and liver metastasis of gastroenterological tumours 2 , but hepatectomy is associated with a relatively high risk of complications, such as bleeding, biliary leakage and acute liver failure 3 . The extent of surgical intervention is crucial for the development of postoperative complications and for the outcome: the larger the resected liver volume, the greater the morbidity and mortality rates 4 . For this reason, the concept of parenchyma-sparing hepatectomy has been developed 2, 4 . In anatomical hepatectomy, minimal loss of liver tissue can be achieved by resecting a single segment (segmentectomy). Sparing of liver tissue is especially important in patients with reduced liver function, particularly those suffering from chronic hepatitis or cirrhosis 5 .
The identification of liver segments is done during surgery, taking into account the anatomical-functional division according to Couinaud 6 and Bismuth 7 . As the anatomy of liver segments is highly variable, the individual anatomy of the patient must be identified during the operation 5 . This is achieved by 'intraoperative navigation', such as the identification of large blood vessels using intraoperative ultrasound-guided dye injection 8 .
Recently, there has been increasing interest in image-guided surgery using fluorophores for the intraoperative detection of tumours and organs. Optical fluorescence imaging has been developed to visualize the anatomical structure of organs and to monitor biological information of tumours 9 . For optical imaging, the use of near-infrared (NIR) fluorophores offers several advantages. NIR fluorescence imaging within the wavelength range of 700-1000 nm has very low absorption and autofluorescence from the organs, and provides a clear contrast between target and background tissues with high sensitivity and accuracy 10 . Indocyanine green (ICG) is the clinically approved NIR dye that is used for intraoperative navigation 11 -13 . ICG fluorescence imaging is advantageous for labelling selected hepatic segments compared with the technique using only indigocarmine 11 .
As soon as circulating antibodies have been administered systemically, they have direct contact with endothelial cells 14 . Thus, endothelium-specific antibodies could bind to specific antigens immediately after application. Currently, one endothelium-specific antibody, ramucirumab, has been approved by the US Food and Drug Administration 15 . This antibody binds to vascular endothelial growth factor receptor (VEGFR) 2, and has been approved for the treatment of gastric, oesophageal, colorectal and lung carcinomas 16 . Recently, the phenomenon of endothelial capture (endocapt) was described 14 . This phenomenon allows almost complete removal of the antibody after its superselective intravascular injection and leads to immediate site-specific antibody enrichment. In the present study, the potential of VEGFR2 and ramucirumab was analysed for use in an endocapt-based approach to image selected liver segments using experimental models.
Methods

Antibodies
Antibodies are listed in Table S1 (supporting information).
Cell culture
Human dermal microvascular endothelial cells (HDMEC) (PromoCell, Heidelberg, Germany) were used in cell culture experiments. HDMEC were cultured in the endothelial cell medium MV2 (PromoCell) and incubated at 37 ∘ C in 5 per cent carbon dioxide.
Immunofluorescence staining
Patients included in the study were admitted to the Department of Surgery, University of Heidelberg. The protocol was approved by the local ethics committee and informed consent was obtained according to the Helsinki Declaration. Tissue samples were snap-frozen and stored in liquid nitrogen. Samples of hepatocellular carcinoma (n = 5) and pancreatic cancer liver metastases (n = 4) were stained with ramucirumab using two-step immunofluorescence followed by vascular counterstaining with anti-cluster of differentiation (CD) 31 or CD105 monoclonal antibodies (mAbs) (Tables S1 and S2, supporting information).
For staining, each slide (7-μm thick frozen sections) was incubated with antibodies for 30 min at room temperature. After staining, the slides were washed three times with phosphate buffer solution (PBS). The stained tissues were visualized and analysed using fluorescence microscopy (Axio Observer Z1; Zeiss, Jena, Germany). All images were collected and processed using ZEN 2011 software (Zeiss).
For immunofluorescence staining of HDMEC, cells were cultured in a monolayer in μ-Slide VI 0.4 chambers (Ibidi, Martinsried, Germany). The cells were incubated for 30 min at room temperature with 30 μl of the antibody. The antibody was removed by washing with PBS.
For image-based quantitative analyses to measure the mean fluorescence intensity (MFI), the tissues were incubated with antibodies for 15 min or 10 s. When the purified antibodies ( Table S2 , supporting information) were used, the secondary antibodies (Table S1, supporting information) were used at 0⋅4 μg/ml for 30 min. Each MFI value was corrected for the background. All experiments were repeated three times.
Fluorescent probes and antibody labelling
IRDye ® 800CW N -hydroxysuccinimide (NHS) ester (IRDye ® 800CW), IRDye ® 700DX NHS ester (IRDye ® 700DX) and IRDye ® 650 NHS ester (IRDye ® 650) were used as fluorescent probes (all IRDye ® probes from LI-COR Biosciences, Lincoln, Nebraska, USA). The above probes have absorption/emission peaks of 778/794, 689/700 and 648/665 nm respectively. Antibodies including ramucirumab (Table S3 , supporting information) were labelled with the fluorescent probes according to the manufacturer's protocol. Unconjugated dye was removed by dialysis (Slide-A-Lyzer™; Thermo Fisher, Waltham, Massachusetts, USA). The calculated molecular ratio of dye per protein was confirmed to be 1 : 1 to 3 : 1.
IRDye ® 680RD carboxylate (LI-COR Biosciences) was used as a non-reactive fluorescent dye; it has absorption and emission peaks of 672/694 nm.
Isolated mouse liver perfusion
Animals (mice and pigs) were cared for according to national animal welfare regulations and international recommendations 17 . Livers were isolated from animals immediately after they were killed, as described below.
The antimouse VEGFR2 antibody conjugated with IRDye ® 800CW and the isotypical antibody were used for the isolated mouse liver perfusion experiments. The livers of five C57BL/6N mice (Charles River, Sulzfeld, Germany) were isolated after the animals were killed with carbon dioxide, and prepared for perfusion as described previously 14 . After perfusion, the capture efficacy and the MFI values of the liver were analysed using a NIR imager (Odyssey ® CLx; LI-COR Biosciences).
Isolated porcine liver perfusion
Five male domestic pigs (20-25 kg) (Bräunling, Nussloch, Germany) were used for the study. Under sedative medication using azaperone 8 mg/kg (Elanco, Bad Homburg, Germany), midazolam 500 μg/kg (Hameln Pharma Plus, Hameln, Germany) and ketamine 12-15 mg/kg (Bremer Pharma, Warburg, Germany), the pigs were killed using an intravenous injection of potassium chloride 2 mmol/kg (B. Braun, Melsungen, Germany). Following midline laparotomy, the portal vein and common hepatic artery were divided after clamping. The liver was isolated and transferred back to the table immediately. The tube (7 mm in diameter) and 7-Fr catheter (Smiths Medical, Minneapolis, Minnesota, USA) were inserted into the portal vein and hepatic artery respectively.
To evaluate whether ramucirumab could be captured by the endothelium in the liver during intravascular passage, a perfusion system was developed for the isolated porcine liver (Fig. S1, supporting information) . The pressure of the oxygenated Krebs-Henseleit (KH) 18 (5 per cent carbon dioxide and 95 per cent oxygen at 37 ∘ C) was controlled at 10 mmHg for the portal vein and 80 mmHg for the hepatic artery. After removal of the blood from the vascular system using perfusion of 1000 ml buffer, a small catheter (0⋅61 mm) was inserted into the selected segmental artery. The conjugated antibodies were injected, and oxygenated KH buffer was perfused for 20 min. After perfusion, the liver was scanned using the NIR imager, and the MFI values of perfused and unperfused segments were calculated. The MFI value of the perfused segment with ramucirumab conjugated with IRDye ® 800CW (ramucirumab-IRDye ® 800CW) was normalized by subtracting that of the IRDye ® 680RD carboxylate, because residual IRDye ® 680RD carboxylate was regarded as the retention of the dye in the washed liver.
After washing out the liver with the buffer, the amount of unbound antibody was calculated, using a centrifugal concentrator, Vivaspin ® (Sartorius Lab Instruments, Göttingen, Germany), because a concentration lower than 100 ng/ml could not be measured correctly in a large volume of the fluid.
Statistical analysis
Statistical analysis was performed with SPSS ® version 21 (IBM, Armonk, New York, USA). Data are shown as the mean(s.d.) values. To study differences between the groups, Student's t test was used. P < 0⋅050 was considered statistically significant. Step-by-step increase in ramucirumab dose up to 1 μg/g tissue resulted in increasing fluorescence contrast. e Representative images of immunofluorescence staining confirmed the endothelium-specific binding of ramucirumab in the perfused liver segment. Scale bar, 100 μm.
Results
Endothelial capture of anti-VEGFR2 antibody in isolated mouse liver perfusion
To investigate the expression of VEGFR2 and binding of the antibody to endothelium in the liver, immunofluorescence staining in mouse liver tissue was used. Anti-CD31 mAb was used for the counterstaining of endothelial cells. VEGFR2 was detected widely in the mouse liver, and showed cellular overlap with the expression of CD31 in the smallest blood vessels. Large blood vessels expressed CD31 but were not stained with anti-VEGFR2 (Fig. 1a) . To identify antibody candidates for endocapt, the binding ability after a short incubation time of four different anti-VEGFR2 antibody clones was analysed. Only one of the four antibodies (clone 522302) showed detectable labelling after a short incubation (2 μg/ml for 10 s) (Fig. 1b) . This antibody was selected for further experiments.
Capture of IRDye ® 800CW-conjugated anti-VEGFR2 (522302) mAb or isotypical antibody was analysed using perfusion of isolated liver segments. The antibody was perfused at a dose of 50 ng per segment, corresponding to approximately 0⋅1 μg/g tissue. These experiments showed that 522302 mAb was captured with a mean(s.d.) efficacy of 25⋅0(2⋅0) per cent by hepatic endothelial cells during the single intravascular passage, whereas capture of the isotypical antibody was low ( Fig. 2a) . Endothelial capture resulted in a significant accumulation of the fluorescence signal ( Fig. 2b) and in high contrast of the perfused liver segments using NIR imaging (Fig. 2c) . The capture of anti-VEGFR2 mAb by endothelial cells was confirmed histologically by fluorescence staining with the secondary antibody on histological slides and counterstaining of CD31 (Fig. 2d) .
Ramucirumab labelling of endothelium of porcine and human normal livers and hepatic tumours
Immunofluorescence staining showed that ramucirumab was specifically bound in human and porcine normal liver tissue and in human hepatocellular carcinoma and metastases of pancreatic cancer (Fig. 3a) . As shown by counterstaining of blood vessels with anti-CD105 or anti-CD31 antibodies, almost all capillaries and sinusoidal microvessels bound ramucirumab, whereas larger blood vessels were ramucirumab-negative ( Fig. S2, supporting  information) . The total fraction of ramucirumab-positive blood vessels was above 90 per cent (Fig. 3b) . Ramucirumab also bound to vital endothelial cells, demonstrating the extracellular localization of the binding epitope (Fig. 3c) .
Ramucirumab binding and imaging in isolated porcine liver perfusion
To study the potential of ramucirumab for endocapt application, its binding ability after a short incubation time in histological slides or in vital endothelial cells was analysed. It was found that both human and porcine liver endothelium, as well as vital HDMEC, showed a readily detectable fluorescence signal after a 10-s incubation of unlabelled ramucirumab using two-step immunofluorescence (Fig. 4) .
In addition, the endocapt procedure was analysed using perfusion of the porcine liver segment ex vivo. IRDye ® 800CW-conjugated ramucirumab was captured effectively in the perfused liver segment (mean(s.d.) 62⋅6(13⋅0) per cent) ( Fig. 5c) and was contrasted using NIR imaging (Fig. 5a,b) . The step-by-step increase in the ramucirumab dose up to 1 μg/g tissue resulted in the respective increase of fluorescence contrast (Fig. 5d) . In contrast to ramucirumab, both the control substance for fluorescence (IRDye ® 680RD carboxylate) ( Fig. 5a) and IRDye ® 700CW-labelled isotypical mAb (Fig. 5b) were almost completely removed by perfusion. Histological studies confirmed specific ramucirumab binding to the endothelium of the perfused liver segment (Fig. 5e ).
Discussion
In this study, expression of VEGFR2 and the binding of different antibody clones to this receptor were analysed using liver tissues from different species. VEGFR2 expression was localized on endothelial cells of the smallest blood vessels, and was identical in mice, pigs and humans. As shown previously 14 , effective epitope binding within a very short time is an important prerequisite of endothelium-specific antibodies as candidates for endocapt. This characteristic can be verified by the detection of antibody binding after incubation of 10 s and/or by the calculation of half-effective antibody concentration of binding on histological slides 14 .
As expected, the binding speed of different antibody clones to VEGFR2 was different in mouse tissue. One of four clones (522302) showed detectable binding in histological slides after 10 s of incubation, and represented clear visualization of the perfused liver segments.
Interestingly, the human anti-VEGFR2 antibody, ramucirumab, demonstrated good cross-reactivity with porcine liver endothelium. This is a favourable situation because it allows endothelial capture of human antibodies to be studied in a porcine model. In the isolated porcine liver, ramucirumab-IRDye ® 800CW was captured with high efficacy (above 60 per cent). This facilitated excellent NIR imaging of selected porcine segments. Provided that the binding of ramucirumab in humans is at least as good as that in pigs, ramucirumab could have a high potential for endocapt-based approaches in humans. Several promising endothelial antigens, such as CD31, CD34 and CD49e, have been proposed previously for use in human endocapt-based approaches 14, 19 . It has also been shown 14 that the capture efficacy of selected antibodies can theoretically achieve a high level of above 90 per cent. Unfortunately, direct comparison of ramucirumab and other antibody clones in the preclinical (porcine) model is not feasible because ramucirumab is the only antibody that cross-reacts with porcine endothelium.
Results of the present study provide a rationale for the use of the anti-VEGFR2 antibody to image specific liver segments. Potential clinical implications for this include fluorescence-guided navigation during parenchyma-sparing liver resection. This operation is highly demanding and aims to save as much normal liver tissue as possible, and to improve the clinical outcome 2,5 . Parenchyma-sparing liver resection is used mainly in liver tumour surgery and requires exact determination of liver segment anatomy using ultrasonography and/or imaging navigation 8 . Currently, superselective injection of ICG is used for image-guided navigation during liver resection 11 . Although the use of ICG is a cheap and effective method, there are several potential advantages of endocapt to be considered as a promising alternative. A large fraction of injected ICG is distributed in the systemic circulation, resulting in a continuous reduction of fluorescence contrast between the selected segment and the background 13 . The present authors expect that this negative effect may largely be avoided with the endocapt procedure. Furthermore, ramucirumab had high capture efficacy by the liver endothelium during the single intravascular passage, and may theoretically result in better liver segment demarcation than ICG. The use of endocapt may provide better intraoperative navigation than ICG, helping surgeons to operate more safely and improving the surgical outcome. This hypothesis can be validated only by conducting further in vivo and clinical studies.
In the present study, IRDye ® 800CW was used for antibody labelling and NIR imaging. As shown in rats and non-human primates 20, 21 , IRDye ® 800CW is non-toxic and currently used for antibody labelling in clinical studies 22, 23 . IRDye ® 800CW can be proposed as an alternative for ICG when ICG use is not feasible. Its use may be relevant in several clinical situations, such as in patients with an iodine allergy, despite the low number of such patients 24 .
VEGFR2 labelling is a promising tool for endocaptbased strategies. The present study provides basic information about the use of ramucirumab for imaging of liver segments in a preclinical model. The high capture of ramucirumab by liver endothelium may be useful for NIR imaging of the selected liver segment, and can be proposed for application in fluorescence-guided navigation in liver surgery. Information regarding the stability of ramucirumab binding, time course of fluorescence background, translational simplicity and effectiveness of this method must be gained from in vivo studies.
